Abstract: In(OTf) 3 -catalyzed cyclization of nitrogen-and oxygen-tethered acetylenic malonic esters provides various five-to seven-membered heterocycles in moderate to excellent yield, and the reaction proceeds with no racemization and complete E-selectivity in the case of chiral and nonterminal alkynes. The synthetic utility is demonstrated by the synthesis of (-)-salinosporamide A, a highly potent 20S proteasome inhibitor, and (+)-neooxazolomycin, a member of the oxazolomycin family of antibiotics.
INTRODUCTION
The importance of nitrogen-containing heterocycles as drugs and other various chemical entities continues to inspire the development of tactical methods for their synthesis. In connection with a project [1] [2] [3] [4] directed toward the synthesis of biologically intriguing natural products [5] having a highly functionalized pyrrolidinone core such as lactacystin, salinosporamide A, and neooxazolomycin, we became interested in developing a novel approach which relied upon Conia-ene reaction of amidomalonate 1 to give 3 via 2 (Scheme 1). We envisaged that the suitably functionalized pyrrolidinone skeletons useful for the synthesis of the above-mentioned alkaloids would be accessible from 3 by the discrimination of the geminal esters and stereoselective functionalization of the exo olefin. However, Conia-ene reactions [6] usually require harsh conditions so that racemization of the product and isomerization of the exo olefin from the β,γ-to α,β-position are serious matters of concern. Recently, in place of the original thermal Conia-ene reaction, a number of metal-catalyzed reactions that are carried out under mild conditions have been devised for the preparation of carbocycles [7, 8] as well as heterocycles [9, 10] , although the latter are largely limited to 3-methylene-pyrrolidines and tetrahydrofurans. However, it was unknown whether metal-catalyzed versions of the Conia-ene reaction would be applicable to our envisaged transformation. This paper describes a new route to pyrrolidinones and other heterocycles based on In-catalyzed Conia-ene type cyclization of nitrogen-and oxygen-tethered acetylenic malonic esters. This paper also demonstrates the utility of this methodology by its application to the synthesis of (-)-salinosporamide A [3, 4] and (+)-neooxazolomycin [2, 4] .
INDIUM-CATALYZED CYCLIZATION
We first examined Au- [7a] , , and In-catalyzed [7f,8] reactions of amide 1a (Scheme 2). Although Au-and Ni-catalyzed conditions did not give any satisfying results (methods A and B), In(OTf) 3 was found to effectively catalyze the cyclization to give pyrrolidinone 3a in nearly quantitative yield (method C). The formation of 3b-3d revealed that this In(OTf) 3 -catalyzed reaction was also applicable to nonterminal alkynes and racemizable chiral alkynes. It should be highlighted that the cyclization proceeds with complete E-selectivity and without serious racemization even at higher temperatures. Addition of an equimolecular amount of DBU relative to In(OTf) 3 markedly accelerates the reaction (method D) and, in particular, results in better yields in the reactions of nonterminal alkynes (3a,b vs. 3c,d). Importantly, no endo cyclization and no isomerization of the olefinic double bond from β,γ-to α,β-position were observed in this reaction. Treatment of 1e with In(OTf) 3 or In(OTf) 3 -DBU did not promote the cyclization at all, thus suggesting that a malonyl functionality is essential for this cyclization.
S. HATAKEYAMA Scheme 3 shows the substrate-scope of the In(OTf) 3 -DBU method. This method was found to be applicable to the synthesis of other five-to seven-membered heterocycles such as piperidinone 5a, azepanone 5b, pyrrolidines 5c and 5d, piperidine 5e, tetrahydroisoquinoline 5f, and even oxygen-containing heterocycles tetrahydrofuran 5g and tetrahydropyran 5h in moderate to excellent yield. In the case of carbamate 4c, the reaction turned out to be slightly sluggish possibly due to the tight coordination of indium(III) to the benzyloxycarbonyl group and the ester group. It should be stressed that even basic amines 4d, 4e, and 4f cleanly underwent the cyclization to give 5d, 5e, and 5f in good yields.
Scheme 4 illustrates a plausible mechanism for the above-mentioned In(OTf) 3 -catalyzed reaction. Nakamura et al. [8] proposed a reaction mechanism involving carbometalation of an indium enolate with an acetylenic triple bond for the related intermolecular In(OTf) 3 -catalyzed reaction. Following this reaction mechanism, we rationalized the observed complete E-selectivity as well as the indispensability of a malonyl functionality. Namely, a malonic ester moiety of 1 reacts with In(OTf) 3 to form indium enolate 6 which in turn undergoes intramolecular carbometalation reaction with an alkyne to furnish alkenylindium species 7. Intermediate 7 then undergoes protonation from another molecule of 1 to produce pyrrolidinone 3 of E-configuration with regeneration of indium enolate 6.
TOTAL SYNTHESIS OF (-)-SALINOSPORAMIDE A
Salinosporamide A [11] , a secondary metabolite of the marine actinomycete Salinospora tropica, displays a very potent proteasome inhibitory activity (IC 50 = 1.3 nM) that is 35 times more potent than omuralide, a representative proteasome inhibitor. In addition, this compound shows very potent in vivo cytotoxicity against many tumor cell lines and is, therefore, currently in clinical trials for the treatment of cancers [12] . Structurally, salinosporamide A is related to omuralide and comprises a γ-lactam-β-lactone bicyclic ring system substituted with cyclohexenylcarbinol, chloroethyl, methyl substituents. This unique molecular structure brings about specific and mechanistically important interactions within the proteasome active site [13] . The combination of the fascinating biological profile and structural complexity has attracted intense interest in the chemical and biological communities [14] .
Our strategy for the synthesis of salinosporamide A relies on racemization-free In-catalyzed cyclization of chiral amide 8 (Scheme 5). We envisaged that the C3 quaternary center could be constructed stereoselectively from cyclized compound 9 by intramolecular delivery of an oxygen atom from the C2 substituent to the exo olefin, and another C4 quaternary center would be created by selective reduction of the ester located in the convex face of the rigid bicyclic structure. Then, according to Corey's protocol [14a], the synthesis of salinosporamide A would be achieved from advanced intermediate 10 via 11 by stereoselective cyclohexenylation followed by suitable functional group interconversions.
Our synthesis commenced with the preparation of amide 15, a precursor of the key In(OTf) 3 -catalyzed cyclization, from chiral propargyl alcohol 12 (Scheme 6). Thus, according to the procedure developed by Marshall et al. [15] , 12 was converted to the mesylate which was then reacted with (tert-butyldimethylsilyloxy)acetaldehyde via the allenylzinc species to give alcohol 13 as a 90:10 epimeric mixture. The enantiomeric purities of both epimers were found to be equally 93 % ee by highperformance liquid chromatography (HPLC) analysis. After removal of the p-methoxybenzyl group, selective acetylation, and desilylation, exposure of 14 to CrO 3 and HIO 4 in aqueous acetone gave the corresponding carboxylic acid, which was then condensed with dimethyl 2-(4-methoxybenzylamino)malonate via the acid chloride. Surprisingly, during purification by silica gel column chromatography using hexane/AcOEt as eluent, amide 15 partially underwent cyclization to give an inseparable 72:28 mixture of 15 and 16. When this mixture was again subjected to silica gel column chromatography conditions, pyrrolidinone 16 was obtained quantitatively. The enantiomeric purity (90 % ee) of 16 suggested the production by a silica gel-promoted Conia-ene reaction rather than cyclization through the corresponding achiral allenylamide. Treatment of this mixture with a catalytic amount of In(OTf) 3 in boiling toluene led to complete conversion of 15 to 16 in almost quantitative yield. It is important to note that, in this particular case, significant loss of the enantiomeric purity was not observed. Since compound 16 was very labile under basic conditions [16] , the acetoxy group was hydrolyzed under mild lipase-catalyzed conditions to give alcohol 17, which was then oxidized to aldehyde 18. For the assembly of the C3 quaternary center, 18 was subjected to acetal-mediated cationic cy- 
TOTAL SYNTHESIS OF (+)-NEOOXAZOLOMYCIN
Neooxazolomycin and oxazolomycin A, originally isolated from a strain of Streptomyces by Uemura et al. in 1985 [18] , constitute a family of structurally unique oxazole polyene lactam-lactone antibiotics together with seven other congeners identified to date. These oxazolomycins were found to exhibit wide-ranging and potent antibacterial and antiviral activities as well as in vivo antitumor activity. The intriguing molecular architectures and biological activities make these compounds attractive targets for synthesis [19, 20] . In 1990, Kende et al. disclosed the synthesis of neooxazolomycin [21] , and this superb achievement is the first and only total synthesis of any member of this family; however, the stereocontrolled construction of the right-hand core has remained an unanswered challenge. In order to develop an effective and general method for the synthesis of the oxazolomycin family of compounds, we selected neooxazolomycin as a target. Our synthetic plan for neooxazolomycin makes the obvious disconnection at three positions based on Stille coupling, amidation, and Nozaki-Hiyama-Kishi coupling giving four fragments 25, 26, 27, and 28 (Scheme 7). Since Kende et al. have already demonstrated an effective methodology for the synthesis of the left-hand segment via Stille coupling of 25 and 26 [21] , the major challenge in the synthesis resided in the stereoselective construction of the highly functionalized pyrrolidinone core 28. We assumed that if we were able to transform 28 to oxazolomycin core 31 by cleavage of γ-lactone, methylation of the secondary alcohol, and formation of the β-lactone, then we could utilize 28 as a common intermediate in the synthesis of the oxazolomycin family of compounds. To expeditiously access 28, we envisioned the retrosynthesis through dihydroxylation of 29 and E-selective In-catalyzed cyclization of amide 30. This approach is particularly appealing since the three contiguous asymmetric centers including two quaternary centers could be created by one dihydroxylation process. 
Synthesis of the right-hand segment
Alkynol 33 was first prepared by coupling of alkyne 31 and triflate 32, both readily available from (S)-hydroxy-2-methylpropanoate, followed by desilylation (Scheme 8). After Jones oxidation of 33, the resulting carboxylic acid was condensed with dimethyl 2-(methylamino)malonate via the corresponding acid chloride to give amide 34. Upon treatment of 34 with a catalytic amount of In(OTf) 3 in the presence of DBU in boiling toluene, regio-and stereoselective cyclization took place cleanly to produce 35 in good yield. It is important to note that in this particular case the reaction again occurred with complete E-selectivity and without epimerization. In the subsequent crucial dihydroxylation of 35, we gratifyingly found that OsO 4 -NMO conditions promoted highly α-face selective dihydroxylation accompanied by concomitant lactonization to yield lactone 36 as the sole product. The observed high diastereoselectivity can be explained by assuming 44 as a preferred conformer, where the approach of OsO 4 is restricted to the α-face, on the basis of nuclear Overhauser effect (NOE) experiments [22] and molecular mechanics calculations [23] . After hydrolysis of 36, the resulting carboxylic acid was chemoselectively converted to 37 by Fujisawa reduction [24] . The stereostructure of 37 was unambiguously confirmed by X-ray analysis of tert-butyldimethylsilyl (TBS) ether 38. Upon protection as its dioxasilinane, debenzylation, and Dess-Martin oxidation, 37 afforded aldehyde 39. After considerable experimentation under various conditions, Nozaki-Hiyama-Kishi reaction of 39 with 40 turned out to be best achieved by the conditions [25] using 4 equiv of CrCl 2 and 0.2 equiv of NiCl 2 in THF-DMSO at room temperature to give 41 in satisfying yield. Although no diastereoselectivity was observed in this coupling, Dess-Martin oxidation followed by L-Selectride reduction allowed the highly stereoselective production of 42 with the desired R-configuration. Exposure of 42 to HF-pyridine followed by acetylation of the resulting triol furnished right-hand segment 43, almost quantitatively.
Synthesis of the left-hand segment and completion of the total synthesis
The left-hand segment 57 was constructed by the method outlined in Scheme 9, which brought a remarkable improvement of Kende's procedure [21] in overall yield. Thus, aldehyde 46 was stereoselectively prepared from propargyl alcohol by a modified method involving methyliodination [26] and Sonogashira coupling of 45 with (trimethylsilyl)acetylene followed by MnO 2 oxidation. Following Kende's procedure [21] , aldehyde 46 was then successfully converted to iodoalkene 50 via Reformatsky-type aldol reaction although the final diimide reduction was performed employing o-nitrobenzenesulfonyl hydrazide in place of hydrazine, which provides high reproducibility. The preparation of stannane 25 required for Stille coupling with 50 started from 2,2-diethoxyethanol (51). Thus, reaction [27] of 51 with KSCN under acidic conditions followed by butylation of the resulting oxazole-2-thiol afforded oxazole 52 in good yield. Cu-catalyzed propargylation [28] of 52 cleanly produced 53 which, upon desulfurization, desilylation, and hydrostannylation, gave 25 as a 6:1 E/Z-mixture. It should be noted that although Stille coupling of 25 with 50 afforded triene 55 as an inseparable E/Z-mixture, the left-hand segment 57 was obtained in geometrically pure form through recrystallization of 56. Finally, following the previous synthesis [21] , condensation of 57 with the free amine in situ generated from 43 followed by deacetylation of 58 furnished (+)-neooxazolomycin.
CONCLUSION
We have developed a methodology that provides a new entry to heterocycles. The key In(OTf) 3 -catalyzed reaction features broad applicability as well as atom economical efficiency and operational simplicity. The synthesis of salinosporamide A and neooxazolomycin illustrates the power of the newly developed methodology for natural products synthesis.
